The saturation of negative charges of zeolites by specific cations to modify their physicochemical and catalytic properties has broadened the applications of zeolites. 
Abstract:
The saturation of negative charges of zeolites by specific cations to modify their physicochemical and catalytic properties has broadened the applications of zeolites. . In all cases, with decreasing pH-pM, the amounts of alkali metal retention decreased due to the adsorption of H + via cation exchange reaction. The adsorption selectivity of H + into the zeolites had a negative correlation with the Si/Al ratio of the zeolites. In each zeolite species, Cs + -saturated zeolite showed the lowest H + selectivity, and this suggested that Cs + had the strongest adsorption energy in the alkali metal cations. The adsorption of H + was strongly affected by diameter and hydration energy of the alkali metal cations, and was also affected by the framework type and Si/Al ratio of the zeolites. The adsorption of H
Introduction
In recent years, the utilization of zeolites as adsorbents and catalysts has increasingly broadened in both aqueous and gaseous systems. The variety of zeolites' applications has been achieved through modifications of their physicochemical properties [1] , and, in most cases, zeolites' modifications are possible through the incorporation of specific cations with different properties such as ionic radius and hydration energy [2] . Usually, saturation of the negative charges of zeolites by a specific cation species causes changes in their pore sizes and geometry (e.g., length and angle of Al-O-Si) [3, 4] , location of cation sites [5] , nature of hydration water or other ligands [6] , and variations in acid strength of Brønsted or Lewis acid-basic sites [7] . These changes improve their adsorptive and catalytic activities and enable them to have specific adsorption and catalytic properties toward certain ions or molecules of a particular interest. This causes zeolites to be more effective, selective, and superior adsorbents and catalysts for separating specific ions in aqueous systems or molecules from the air [8] [9] [10] .
The applications of cation saturated zeolites include: Li + -saturated Y and ZSM used as a catalyst for a number of hydrocarbon conversion processes such as in oil refining and the petrochemical industry [11] [12] [13] from nuclear waste effluents [4, 9] , and for Na + saturated nano-composite-magnetic zeolites such as Na-P1 used in soil radionuclide decontamination [16] [17] [18] ; Na + saturated Linde-type A, mordenite, Na-P1, X and Y zeolites in remediation of heavy metals [19] ; industrial applications such as detergency and water treatment [20, 21] [25] [26] [27] ; and Ag + zeolites used as antibacterial agents in the food and medical industry [28, 29] .
In some of the aforementioned applications, zeolites are used in a wide range of pH from acidic to alkaline conditions in aqueous media. However, our recent study showed that cation exchange capacity (CEC) Na + retention by zeolites is greatly affected by the adsorption of H + , even in the neutral pH region [30] . The adsorption of H + into zeolites results in the loss of the negative charge due to neutralization forming covalent bonds from the Lewis acid-base reaction [29, 31] . This finding has been contrary to what has been thought all along: that the CEC of zeolites does not change with change in aqueous pH. This concept has been inferred from the fact that the CEC of 2:1 type layer silicate clay minerals such as montmorillonite is constant even at acidic conditions such as pH 4 [30, 32] . Such logic possibly led to the determination of CEC without considering the effect of H + adsorption. Consequently, most CEC studies in zeolites have focused on looking at factors such as Si/Al ratio (i.e., low Si/Al ratio leads to high CEC), the nature of exchangeable cation species, temperature, concentration or activity of cations in solutions, and structural characteristics of the particular zeolites in ion exchange dynamics [33, 34] .
On the other hand, H + adsorption selectivity in various cation saturated zeolites at different pH levels is likely to vary and to be influenced by a number of factors such as saturated cation type, negative charge density, Si/Al ratio, ordering of Si-O-Al linkage, and type of crystal structure.
However, there is currently scarce information and it is not well known how the saturation by different cations affects H + adsorption selectivity in relation to a CEC decrease of the various cation saturated zeolites at different aqueous pH levels. Therefore, this research work was carried out to bridge the information gap and to understand how the saturation by different cations in various zeolite species with different Si/Al ratio affects their H + adsorption selectivity.
Experimental Section
The experiments were conducted in the Laboratory of Applied Chemistry for Environmental Industry, Faculty of Agriculture, Ehime University in Matsuyama, Japan. Linde-type A, Na-P1, mordenite, X type and Y type zeolite species with different Si/Al ratios, crystal structures, and amount of charge densities were used in this study. All standard analytical chemical reagents and zeolites samples used in this study were purchased from Wako Chemicals Ltd, Japan except for the Na-P1 zeolite samples that were synthesized in this study [19] . 
Preparation of Li

Determination of CEC of Zeolites at Different pH Levels
One gram of Li concentration and equilibrium pH, respectively. The CEC (the amount of alkali metal cation retention) of the respective samples were simply calculated from the difference between the content of each alkali metal cation of the samples and the amount of the alkali metal cation in the supernatant solution. Al and Si concentrations were also measured in the supernatant to check the dissolution of zeolite samples. The quantification of the metals was done by using an atomic absorption spectrophotometer (Hitachi Z-5000). Powder X-ray diffraction patterns of the samples before and after the CEC determination were obtained with a Rigaku Ultima IV X-ray diffractometer with Cu-Kα radiation generated at 40 kV and 40 mA, between 3-60° of 2θ angles with a sampling width of 0.02° and a scanning rate of 2° min −1 .
Results and Discussion
Structural Stability of Zeolites with CEC Measurement
The determination of the CEC of zeolites was conducted in a pH range of moderately acidic to moderately alkaline, and so we checked the stability of zeolites, i.e., if they underwent dissolution or not in aqueous solution. We analyzed XRD patterns for each treated zeolite sample after CEC measurement, and the results for the water (lower) and highest HCl concentration (upper) treated samples are given in Figure 1 . We also quantified the percentage of Si and Al dissolved from zeolites' structural framework and the amounts was less than 2% for Si and 0.5% Al. The dissolution was very minimal, possibly because the reaction time was only 3 h. Analysis of XRD patterns in Figure 1 of all zeolite samples indicated that there was neither a change in their structures nor formation of new materials. Comparison of the XRD patterns indicated that there was an increase in peak intensities of most samples after CEC measurement. This means that the amounts of Si and Al dissolved in the samples were possibly due to dissolution of amorphous materials such as precursors of zeolites contained in the samples. It is also possible that the dissolution of minuscule amounts of the zeolites' framework might have taken place. In this case, Al and Si were dissolved simultaneously, and the dissolved Al species, probably hydroxy-Al cations, might be readily absorbed in zeolites. This is the reason why the observed amount of Al dissolution was very low (<0.5%). Therefore, we concluded that the amounts of dissolution of Al and Si from zeolites were very small compared to the changes in CEC (Figure 2 ). However, in other preliminary experiments, we found that samples of Linde-type A when reacting at pH 6 for seven days resulted into almost total dissolution and formation of amorphous aluminosilicate materials. The results suggest that there is a need to study the dissolution dynamics of various zeolites at different pH levels in depth. 
Effect of pH-pM on CEC of Zeolites
In this experiment, CEC, or the amount of retention of a zeolite's alkali metal cation, is affected not only by pH, but also by the concentration of the alkali metal cation in the solution phase. On one hand, the CEC of clays in a monovalent cation system is known to be dependent on the value of pH-pM (M: activity of Na + or NH4 + ) [35] , and this means CEC is dependent on the ratio of activities of the monovalent cation to H In all cation saturated zeolites, CEC values decreased with a decrease in pH-pM, and their change within and among zeolites was dependent on both the types of saturated cations and zeolite species. At high pH-pM regions, CEC values did not change with increasing pH-pM and became constant. The constant values of CEC at high pH-pM regions correspond to the amounts of negative charge due to isomorphous substitution of Si by Al. The curves for Li, and K + zeolites (Figure 2A,B) Figure 2C,D) are linear from the points where CEC began to decrease. The points at which the CEC of zeolites began to decrease were different by the alkali metal species saturation. This suggested that there are differences in the degree of H + adsorption selectivity among the cation species.
The in the replacement of alkali metal cations on the charge sites of various zeolites favored those zeolites with higher CEC than zeolites with lower CEC. In other words, the alkali metal cations were adsorbed more strongly by zeolites with higher Si/Al ratio. It is reported that monovalent cations are more preferable in adsorption by high Si/Al zeolites than low Si/Al zeolites [36] .
On the other hand, when we express the acidity of a monovalent acid, a pKa value is used. The pKa value is equal to the pH value at 50% dissociation, and greater pKa value indicates weaker acidity and stronger H + adsorption selectivity of the monovalent acid. By then plotting the degree of dissociation of a monovalent acid against pH, we get a sigmoid curve. In our results (Figure 2 ), we obtained similar sigmoid curves, although the horizontal axes were pH-pM. Then, to express the H + adsorption selectivity of the zeolites more quantitatively, we introduced a (pH-pM)90 value. The (pH-pM)90 value is equal to the pH-pM value when 90% of the zeolites negative charge due to isomorphous substitution of Si by Al is occupied by the alkali metal cations. The amount of the isomorphous substitution was assumed to be equal to the CEC value obtained when distilled water was added in the CEC measurement. Because the measurement of CEC under very low pH-pM was not carried out due to the dissolution of the zeolites, we adopted (pH-pM)90 instead of (pH-pM) 50 Figure 3 . The results show that there was a negative correlation between Si/Al ratio and (pH-pM)90 of the zeolites. That is to say, with an increase in Si/Al ratios, a decrease in H + selectivity resulted. The negative correlations observed in the four zeolites, despite having different structural frameworks, imply the H + adsorption selectivity was closely related to Si/Al ratios of zeolites. The deviation of some data points from the lines shows that there were other factors that influenced the H + adsorption selectivity, and they are discussed in Section 3.4. 
Effect of Cation and Zeolite Species on Proton Adsorption
The degree of H + adsorption selectivity varied greatly and was influenced by alkali metal cation species and by zeolite species (Figure 3) . We compared the (pH-pM)90 values for each cation saturated zeolite and the results are summarized in The (pH-pCs)90 value of Cs-Na-P1 was 2.53, and the (pH-pRb)90 value of Rb-Na-P1 was 4.42. In the case of faujasite Y, the (pH-pLi)90 value was 4.79 for Li-Y, while for Cs-Y the (pH-pCs)90 value was 0.57. A similar trend was observed in mordenite where the (pH-pLi)90 value was 0.51 for Li-mordenite, while for Rb-mordenite the (pH-pRb)90 value was −0.33. The trends were similar for the other cation zeolites. It appears that the differences in zeolite structural frameworks also affected the H + adsorption selectivity. A good example is faujasite X and faujasite Y. The two zeolites have the same structural framework but have different Si/Al ratios and CEC. Now considering faujasite X and faujasite Y, the (pH-pCs)90 value of faujasite X was 3.21, while for faujasite Y, the value was 0.57. These results suggest that faujasite X has a higher H + adsorption selectivity than faujasite Y, possibly due to its lower Si/Al and higher CEC [37] .
By using the data in Table 1 Table 3 , in which the effect of the saturation cation species was evaluated in each zeolite species. As has been described earlier, in most zeolite species, Cs + -type showed the lowest H + adsorption selectivity. The positions of the other saturation cation types at the sequences were varied, but the sequences of faujasite X and faujasite Y were identical. This indicated that H + and alkali metal cation selectivity sequences were affected by the type of zeolite framework. Table 2 . Proton adsorption selectivity sequences of zeolites: the effect of zeolite species. ) [37] . Zeolites with high Si/Al ratios such as mordenite usually have low negative charge density, and this implies that their negative charge sites are far away from each other, while in zeolites with low Si/Al ratios such as Linde-type A, their negative charge sites are close to each other. In other words, the separation distance between the negative charge sites determines the cation selectivity of zeolites [41] . When the separation distances are short, the adsorption of two or more cations close to each other is unfavorable due to electrostatic repulsion. In case of H + , such an electrostatic repulsion is weaker than the case of other cations, because H + binds to the negative charge site in the form of covalent bonding as Si-OH-Al [42] . This explains why the H + adsorption selectivity was higher in high CEC zeolites such as Linde-type A rather than in low CEC zeolites such as mordenite. Another good example is faujasite X and faujasite Y, which have the same structural framework. In this case, the negative charge sites are closer to each other in faujasite X than faujasite Y and so the H + is more strongly adsorbed in faujasite X than in faujasite Y [43] . When alkali metal cations adsorb into zeolites, the binding energy and the resultant electrostatic potential fields are different between cations [44] . The difference possibly occurs due to the variations in the ionic size of the cations occupying different pores of zeolites with different electrical attractions on their charge sites [2, 33, 45] . [46] [47] [48] . The occupancy of the cations on the negative charge sites within zeolite cavities is usually greatly influenced by the type of coexisting extra framework cations and the presence or absence of hydration water [6, 33] . The cations had different strengths of hydration water due to the differences in the relative charge-to-radius ratios in aqueous solutions and relative ionic field strengths of zeolites [47] . For instance, Na , respectively [45, [48] [49] [50] . Sodium ions with large hydrated radii have charge centers far away from the surface of contact causing weak solid-cation electrostatic interactions [45] . On the other hand, Cs + has low hydration energy and so is strongly attached on the negative charge site of zeolites [51] . This is one of the reasons why Cs + was more strongly adsorbed by the zeolites than the other cations, as has been described earlier.
Depending on the location of adsorption, cations may be bound as hydrated forms (e.g., Li + ), partially hydrated or not hydrated (e.g., Cs + ) indicating that on some negative charge sites there could be no water molecules interposed between the fixed anionic sites and the counterions [47] . Therefore, the binding energy of the alkali metal cations is affected by the hydration state of the cations and size of the zeolite pores. The exchange of the alkali metal cations to H + is the net result of free energy due to coulombic interactions (between partially dehydrated alkali metal cation and negatively charged lattice) and the free energy of partial dehydration. The distribution of the alkali metal cations in different zeolite pore spaces causes a heterogeneous character of adsorption of the cations [52] . The cation with great permanent quadrupole moments might interact strongly with the gradient of the electric field induced by the zeolite pore spaces. In other words, pore sizes of zeolites have a crucial role in determining the adsorption behavior of the cations.
Furthermore, considering a single zeolite species, the pores are not homogeneous and have different sizes. For instance, Linde type A has cavities of 11.4 Å, 6.6 Å, and 2.2 Å [53] while faujasite X and faujasite Y have supercages of 13.0 Å and 8.0 Å and small cages [47] . Now, when alkali metal cations are adsorbed as charge balancing cations, they influence the electric field gradient differently depending on the size and shape of the pores [54, 55] . Some cations may be weakly bound in a large pore as hydrated ions, while in a small pore the same cation may be strongly adsorbed. This implies that the adsorption of H + by exchange with the cations depends on the hydration diameter of the cations and the pore size [56, 57] . Although H + can penetrate more easily into most of the pores, its adsorption selectivity is affected by the differences in the adsorption strength of the alkali metal cations to be replaced. For instance, in faujasite Y, Li + may be weakly bound in the large supercage as fully hydrated cations, and, therefore, may be easily replaced by H + . The cation selectivity follows the relative order of free energies of reactions for different cations, favoring the reaction with the most negative free energy of reactions [55] . The effect of lattice interactions on the polarizabilities of the component cations increased in the crystal and that of the negative ions decreased, relative to the values that characterize the free ions [58, 59] .
Conclusions
In all examined combinations of zeolite species and alkali metal cation species, the amount of adsorption of the alkali metal cations decreased with decreasing pH-pM, due to the adsorption of H + . The adsorption selectivity of H + was affected by zeolite species and also by alkali metal cation species. The highest H + selectivity was observed in Rb + -saturated Linde-type A, and the lowest was observed in Cs + -saturated mordenite. There was a negative correlation between Si/Al of zeolites and (pH-pM)90 value, implying that H + selectivity was mainly dependent on the Si/Al ratio and negative charge density of zeolites. The H + selectivity was also influenced by alkali metal cation species and zeolite pore sizes. Proton adsorption in various zeolites caused the loss of cation retention capacity and could lead to the dissolution of zeolites.
